We report the structural and photophysical property analyses of a new emissive copper (I) complex CuI(PPh3)(L) (1, L = 4,4'-dimethoxy-2,2'-bipyridine) which demonstrates solvatochromism. When recrystallized from acetonitrile, the originally orange color of 1 becomes yellow and demonstrates a blue-shifted, broad emission spectrum. This process is reversed when the yellow solid is redissolved in dichloromethane and recrystallized. The lattice parameters and angles found were a = 17.769 Å, β = 114.05 o and a = 11.555 Å, angle β = 92.70 o for the orange and yellow forms of 1, respectively, and there are notable structure differences for CuI(PPh3)(L) in these two solids. When loaded into a mesoporous silica, the emission blue shift becomes greater, indicating a strong rigidochromic effect at room temperature. The emission from such copper complex loaded mesoporous silica matrix is quenched by oxygen and this quenching has been quantified.
INTRODUCTION
Metallo-organic complexes based on 3d-block transition metals have potential technological applications due to their low cost compared to other noble metals [1] [2] [3] [4] [5] .
In particular, copper(I) complexes have tunable emission properties that can be modulated throughout the visible spectrum depending on the ligand coordinated to the copper(I) center [6, 7] . Furthermore, multinuclear Cu(I) complexes [8, 9] present photophysical properties different from those of mononuclear complexes [10, 11] .
Common applications for Cu(I) complexes include OLEDs [12] [13] [14] [15] , catalysts [16] [17] [18] , bioimages [19] [20] [21] , gas sensors [22] [23] [24] [25] , vapochromic sensors [26] [27] [28] [29] , and solvatochromic sensors [30, 31] . For the two lattermost applications, the compounds exhibit color changes and, in some cases, changes in emission properties when exposed to vapors of volatile organic compounds (VOCs) [32] [33] [34] [35] [36] [37] . Such effects are often the result of structural changes in the metal center coordination distances and corresponding metal-metal and ligand-metal interactions [38] [39] [40] [41] .
Certain copper(I) solids have been studied for their applicability to gas sensor devices, especially for dioxygen, as their luminescence is quenched when exposed to O2 [42, 43] . These material have free access channels (void spaces) in their crystal structures where O2 molecules can reside and quench excited states [43, 44] . Some emitting complexes become more amenable to gas sensing when incorporated into porous solid matrices. The pores provide the sensor molecules a greater degree of dispersion and greater contact surface that increase interactions between the gas and emitting molecule [45] . However, when the emitting metallo-organic complexes are hosted in a more rigid environment, their emission spectra may be shifted owing to excited state distortions from the ground states, a phenomenon known as the "rigidochromic effect" [46] [47] [48] [49] .
In this work, we report the structural and photophysical properties of a new emissive copper(I) complex CuI(PPh3)(L) (1, L = 4,4'-dimethoxy-2,2'-bipyridine), the absorption and emission spectra of which demonstrate solvatochromism and rigidochromism as well as sensitivity to O2 by luminescence quenching when loaded in mesoporous silica. When recrystallized from acetonitrile, the originally orange complex changes color to yellow while its broad emission spectrum is shifted to the blue. This process is reversible when the yellow form is recrystallized from dichloromethane. 3 According to X-Ray analysis, the yellow form has acetonitrile molecules in its crystalline structure interacting with the 4,4'-dimethoxy-2,2'-bipyridine and triphenylphosphine ligands. Both crystals are monoclinic, but with different lattice parameters. The yellow color is also maintained in acetonitrile solution, indicating that the solvatochromic effect is probably due a supramolecular interaction between the acetonitrile and the aromatic ligands [30, 31] . In this context, the x-ray crystallographic results may provide insight into interactions between solvent and complex the lead to solvatochromic effects. When 1 is loaded in solid mesoporous silica matrix there is a blue-shift in the emission spectrum indicating a rigidochromic effect. Additionally, this emission is sensitive to O2 quenching by oxygen, suggesting that this hybrid material can serve as a luminescent oxygen sensor.
EXPERIMENTAL SECTION

Synthesis of the copper(I) complexes
[CuI(PPh3)(L)] (1), L = 4,4'-dimethoxy-2,2'-bipyridine). To achieve the synthesis of 1, CuI (1 mmol, 98% from Sigma-Aldrich) was dissolved in dichloromethane (DCM, 10 mL) with magnetic stirring under a nitrogen atmosphere until complete dissolution of the CuI. Immediately after dissolution, the ligands 4,4'-dimethoxy-2,2'-bipyridine (L) (1 mmol, 97% from Sigma-Aldrich) and triphenylphosphine (PPh3, 1 mmol, 99% from Sigma-Aldrich) were added and the mixture was stirred under flowing nitrogen for 2 h in the dark. After this, the resulting orange precipitate was collected by filtration and dried under constant flow of N2 for 48 h. The yield was 75%. 1 1-ACN) . To obtain this solid, complex 1 was dissolved in acetonitrile (ACN) and the solvent was slowly removed under nitrogen flow for 1 week.
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[CuI(PPh3)(L)]-SiO2 (1-@SiO2). Mesoporous silica was prepared as previously reported [45] , and the loading of 1 into the pores of the silica matrix was accomplished using wet impregnation. In order to achieve this, 300 mg of powdered mesoporous silica were added to a solution of 1 (1.0 mM) prepared with 10 mL acetone. The heterogeneous mixture was stirred at 120 Hz for a period of 24 h, after which the solvent was removed by filtration, and the matrix impregnated with the copper complex was dried in vacuum and under N2 flow for 1 week. For simplicity, the material prepared by incorporating 1 into SiO2 was designated as 1@SiO2.
Instrumentation and Measurements:
Liquid-state NMR measurements were completed using an Agilent Technologies Approximately 100 femtosecond (fs) excitation pulses with wavelength 400 nm were generated by doubling the fundamental frequency of fs from a Ti:Sapphire laser Ueq (parent C-atom) and allowed to ride on the parent carbon atoms.
Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)
were used to determine the thermal mass loss, as well as to study the thermal decomposition. Thermal analyses of the purified samples were performed using simultaneous differential thermal analysis (DTA) and thermogravimetry (TG), SDT 2960 -TA Instruments, at a heating rate of 10 °C/min, in a flow of nitrogen, from room 6 temperature to 600 °C. DSC/TGA and DSC analysis were carried out with an initial sample mass of 5.0 mg in aluminum pans.
RESULTS AND DISCUSSION
Solvatochromism of [CuI(PPh3)(4,4'-dimethoxy-2,2'-bipyridine)] (1).
The change in the color of some molecules depending on the polarity of the solvent is known as solvatochromism [51, 52] . 
Structural and thermal characterizations
The crystal structure, chemical composition and stoichiometry of compound 1
were determined by X-ray diffraction experiments (XRD), FTIR (ATR), ( 1 H NMR), ( 31 P NMR), X-ray fluorescence (XRF) and thermal analysis (TG/DSC). Single crystals of 1 and 1-ACN were obtained by slow evaporation of a solution of compound 1 dissolved in dichloromethane and acetonitrile, respectively and the x-ray data for the structures of these two crystals are given in Table 1 . As shown in Figure 2 , the appearances of the crystals for 1 and 1-ACN are clearly different. (7) P (1) (2) 78.70 (12) Thermal gravimetric analysis (TGA) of 1 (Supporting Information Figure S1 ) demonstrates significant mass losses as a function of increasing temperature. The first mass loss occurs at 175-310 °C and can be attributed to decomposition of the ligands 4-4'-dimethoxy-2-2'-bipyridine and triphenylphosphine with simultaneous generation of
Cul. This mass loss is accompanied by an endothermic peak at 210 °C on the DSC curve.
The theoretical value calculated for this mass loss was 72% but the experimental value was 55%; the 17% difference is attributed to the formation of an organic residue owing to incomplete degradation of the ligands. Figure S1 , also shows a second mass loss at (310-440 °C) that may be related to the removal of these organic residues. Moreover, this second weight loss is accompanied by an exothermic peak at 440 °C on the DSC curve, most likely associated with the formation of a CuI(s) crystalline phase. Thus, considering that complete formation of solid CuI (s) occurs around 440 °C, the experimentally measured weight loss of ~70% is in good agreement with that calculated (~72%). The third mass loss (440-700 °C) is related to the oxidation of CuI to CuO, an event accompanied by a weight loss of 22%. The total experimental weight lost by 1 (92%) is in good agreement with the theoretical value (~90%) for this series of events. 
Photophysical characterization
The excitation and photoluminescence spectra for solid 1-ACN at 298 K and 77 K can be seen in Figure 6 . At 298 K, the powder has a broad band emission with a maximum lmax PL at 668 nm exciting at lexc = 420 nm. The PL quantum yield (FPL) measured under these conditions was 0.18. This broad luminescence is characteristic of metal (Cu(I)-to-ligand (bipyridine) charge transfer (MLCT) excited states with possibly some contribution from the iodide (i.e. (M+I)LCT) [29, 54] . At 77 K, the emission maximum for the solid is red-shifted to 696 nm, a difference of 28 nm with respect to the emission spectrum at 298 K. For solid 1 (shown in S9) the maximum emission observed was 705 nm and 716 nm in 298 K and 77 K, respectively. No emission was observed for 1 when dissolved acetonitrile or dichloromethane solution at room temperature. As reported earlier [54] [55] [56] [57] , the lack of an emissive response from some copper (I) halide complexes is commonplace due to chemical instability toward partial ligand dissociation, dimerization, etc. There is also a distinct difference between the emission spectra of the yellow solid 1-ACN and the orange solid 1. The PL from the latter displays a lmax PL at 705 nm red-shifted from that of 1-ACN by 37 nm (Figure 7 ). The emission from 1 was sufficiently weak that a quantum yield could not be measured. The emission lifetimes measured for powders of 1-ACN and 1 at room temperature were 172 and 144 ns, respectively. The red-shifted emission at 77 K may reflect a greater contribution from the triplet excited state (T1), since the emission at room temperature with short lifetime (order of ns) may have large contribution of the singlet excited state (S1) possibly due to the process known as thermally activated delayed fluorescence process (TADF) [58] [59] [60] [61] . If the emission at 77 K is largely triplet in character while that at 298 K is mostly singlet, the energy separation DE (S1-T1) = 850 cm -1 in good agreement with other Cu(I) complexes that present the TADF effect [51, 52, 62] . 
Rigidochromism
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When 1 was loaded into silica (1@SiO2), the resulting PL was a broad band with a lmax PL at 556 nm, substantially blue-shifted relative to that from powder sample of 1 ( Figure 8 ). This response may be attributed to rigidochromic effects [45] [46] [47] [48] owing to distortions of the excited state relative to the ground state. Elevated rigidity within the molecule's second coordination sphere leads to concomitant increase in the energy level of the emitting state and a blue shift of the emission maximum. Similar rigidochromic effects have been reported for the emission spectra of copper(I) clusters [9, 45] and from rhenium(I) complexes displaying of MLCT electronic transitions [47, 48] . M solution of 1 in acetone. There was no qualitative difference in the emission maxima when solutions of significantly higher or lower concentration were used for the wet impregnation procedure.
According to the X-ray diffraction results the 1@SiO2 sample is completely amorphous ( Figure S10 ), without crystalline structure, indicating that the copper (I) complex is highly dispersed in the silica matrix. It was also possible to verify the morphology by scanning electron microscope (SEM) images, where it is possible to see the homogeneous matrix's pores ( Figure S11 ). 
Sensitivity to dioxygen
In addition to the rigidochromic effect, 1@SiO2 demonstrated sensitivity to O2.
The intense PL band seen at ~560 nm under a continuous flow of N2 is largely quenched under a continuous flow of pure O2 (0.92 atm). Upon exposure to increasing oxygen concentrations, the steady state PL intensity decreases by a factor of ~8 as seen in Figure   10 . This process is reversible, flushing with N2 restores the PL intensity, eventually
plateauing at values close to those observed prior to exposure to O2. The luminescence deactivation/re-activation observed when alternating between atmospheres of oxygen and nitrogen respectively suggests a reversible interaction with oxygen with 1 when dispersed in the pores of the SiO2 matrix. In contrast, no PL quenching was seen when a simple powder of 1 was exposed to O2. However, these data show that 1 can function successfully as a new O2 sensor when loaded suitably in a porous matrix [41, 63, 45] . As reported earlier the hybrid material based on organic-metal complexes have multiple sensory functions with good efficiency and consequently increasing the variety of functional materials for technological applications in recent times [3] [4] [5] . where localized sites which can alter the linear quenching behavior [22, 23, 41, 63] .
In this context, we will consider Eq. 1 which models the mechanism for quenching at two principal sites within the matrix with different accessibility to oxygen: 
where S1 and S2 are the fractional contributions of each site (S1 + S2 = 1) and K are Stern-Volmer constant for each site [23, 41, 63, 64] . This gives the better fit shown in easily accessible to oxygen, while the second site is not [65] . Since the curve fit is far from perfect there may be interplay with other PL quenching processes.
CONCLUSIONS
The color change of compound 1 when it is recrystallized from acetonitrile is a reversible process caused by a distorted molecular packaging in the solid state. These distortions also altered the photophysical properties of the complex, namely a blue shift of the PL spectrum and a somewhat longer lifetime. The solvatochromic effect was confirmed by shifting the absorption spectrum UV-Visible absorption spectrum to the blue as a function of increased polarity solvent. When 1 was incorporated into a silica mesoporous matrix there was a major shift of the PL band to the blue, consistent with a strong rigidochromic effect with color change. The PL of the resulting material was subject to quenching by oxygen. The non-linear relationship between Io/I and cO2
indicates that 1@SiO2 has multiple luminescent sites with different accessibility to 17 oxygen. The functionalities of this new copper (I) mononuclear complex, especially when incorporated in mesoporous silica, demonstrate its potential for applications in gas sensors, and other devices.
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